A predictive test for determining whether motile populations of human spermatozoa will fertilize eggs in vitro has been an elusive goal of clinical research. We have developed an assay for the ability of motile human spermatozoa to bind fluorescein isothiocyanate-labelled mannosylated bovine serum albumin (Man-FITC-BSA) as a test for the presence of sperm surface receptors (lectins) for mannose ligands. Mannosylated ligands are present on the human zona pellucida and are involved in the species-specific binding of human spermatozoa to the zona pellucida. We now demonstrate in prospective blinded analysis that the fractional increase in acrosome loss following a mannose ligand challenge is highly correlated with the rate of fertilization in vitro. Using an incremental increase of acrosome exocytosis of Ͼ0.1 as a threshold to predict which specimens will yield normal fertilization, the assay has a sensitivity of 97.8%, a specificity of 83.3%, a positive predictive value of 95.7% and a negative predictive value of 90.7%. These data indicate that testing for a mannose-induced acrosome reaction may be useful in assessment of sperm function prior to in-vitro fertilization in order to assign males to conventional insemination or intracytoplasmic sperm injection protocols.
Introduction
The majority of male patients who completely fail in-vitro fertilization (IVF), including those with normal semen parameters ('unexplained' infertility), have spermatozoa which fail to bind to the zona pellucida (Liu et al., 1989a,b; Benoff et al., 1993b Benoff et al., ,c, 1996a . Prospective screening of semen for zona pellucida binding potential may be performed either directly by hemizona bioassay (Burkman et al., 1988; or indirectly using cytochemical probes to detect sperm surface receptors for zona ligands (Benoff et al., 1993b,c) . In terms of clinical management, these screens can now distinguish those sperm populations which display zona binding potential and thus are amenable to conventional IVF insemination protocols from those requiring micromanipulation (Benoff et al., 1996a) . Nevertheless, it is clear that zona pellucida binding alone does not ensure successful fertilization. Other sperm functions are equally important. For example, exocytotic release of acrosome content, 'the acrosome reaction', is an absolute requirement for zona penetration and the generation of a sperm membrane capable of fusing with the oolemma (Overstreet and Hembree, 1976; Chen and Sathananthan, 1986; Liu and Baker, 1993 , 1994a ,b, 1996b .
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Evaluation of acrosome morphology, as a single parameter, can be used to discriminate between most sperm populations which exhibit high rates of fertilization in vitro from those which exhibit poor fertilization rates (Jeulin et al., 1986; Liu and Baker, 1988; Hershlag et al., 1991; Menkveld et al., 1996) . However, a class of men with unexplained infertility exists which have an apparent dysfunctional acrosome reaction. After binding to the zona pellucida, their spermatozoa show reduced zona penetration (Overstreet et al., 1980; Liu et al., 1989a,b; Baker, 1994b, Benoff et al., 1996a) . No relation has been detected between this defect and any abnormalities in acrosome morphology (Liu et al., 1995) . High rates of fertilization and pregnancy can be obtained in these cases by intracytoplasmic sperm injection (ICSI) (Liu et al., 1995) . This suggests that the acrosome reaction is unlikely to be important for fertilization by ICSI.
Identification of sperm function deficits in specific patients prior to IVF can predict their fertilization outcomes. Males can thereby be assigned to appropriate insemination strategies (Benoff et al., 1996a) . Patients with a disordered zona pellucida-induced acrosome reaction can be readily identified in a bioassay using donated intact human oocytes (Liu and Baker, 1996a,b) . The limited availability of human oocytes and problems associated with standardization make such a bioassay impractical as a routine screen for this sperm defect in IVF clinics. In the accompanying report, we demonstrate that synthetic oligosaccharides (polyvalent mannose ligands) can induce an acrosome reaction in spermatozoa with the potential to bind to the zona pellucida, e.g. those spermatozoa expressing surface mannose lectins (Benoff et al., 1997) . The goal of the present study was to determine if this simple assay provides a measure of the ability of spermatozoa to undergo a physiological acrosome reaction and fertilize human oocytes. In this prospective blinded analysis, the relationship between the percentages of spermatozoa undergoing an acrosome reaction following a challenge with polyvalent mannose ligands in the presence of D-mannose was analysed in consecutive couples undergoing their first cycle of fertilization in vitro. We confirm that polyvalent mannose ligands serve as surrogates for authentic zonae pellucidae and can identify semen specimens yielding reduced or failed fertilization in IVF due to a dysfunctional acrosome reaction.
Materials and methods

Media and chemicals
Modified Ham's F-10 medium (Formula No. 90-8050PG) was obtained from Gibco Laboratories (Grand Island, NY, USA). Unless otherwise noted, all reagents were purchased from Sigma Chemical Company (St Louis, MO, USA).
Human semen specimens
All protocols employing human subjects were reviewed and approved by the Institutional Review Board of North Shore University Hospital, New York, USA. Portions of two semen specimens produced for diagnostic purposes prior to an IVF cycle were obtained from 140 patients in a hospital-based IVF-assisted reproductive technology programme who were scheduled to undergo their first cycle of IVF during the period between February 1995 and August 1996. Informed consent was not required for these unidentified specimens.
Experimental design
Patients were assigned consecutive numbers by the IVF nurse coordinator (P.G.). Semen was delivered to the andrology laboratory and numbered accordingly. Semen specimens were identified in the molecular biology laboratories solely by these numbers. Unfixed spermatozoa were scored for expression of surface mannose binding sites and the ability to undergo a mannose stimulated acrosome reaction by members of the molecular biology laboratories (A.J., I.R.H. and three research technicians). All analyses of mannose receptor expression (n ϭ 108) and function (n ϭ 65) were completed by the molecular biology laboratories prior to IVF and stored by patient number in a computerized database compiled by A.J.
The physicians and embryologists (A.H., G.M.S., G.W.C., T.P.) involved in the clinical procedures were blinded to the outcome of the research findings. Conventional IVF insemination was employed in the majority of cases. Retrieved oocytes were split equally between conventional insemination and ICSI if one or more of the following conditions applied: (i) the sperm count of whole semen was Ͼ5ϫ10 6 but Ͻ10ϫ10 6 spermatozoa/ml; (ii) Ͼ30% tapering head forms were present; and/or (iii) the couple presented with unexplained infertility of Ͼ1 year duration. Conditions for assignment to ICSI only included: (i) Ͻ1% normal oval head forms; (ii) Ͻ5ϫ10 6 spermatozoa/ml; and/or (iii) poor motility. Based solely on these clinical criteria, conventional IVF insemination was subsequently performed in 78 of these cycles, 18 cases were assigned to both insemination and ICSI 840 and 20 were assigned exclusively to ICSI. The remainder of patients (n ϭ 24) have not yet completed an IVF cycle. Clinical variables and IVF outcome were stored by patient number in a separate computerized database compiled by T.P. In September 1996, the two databases were merged and the codes were broken by the director of the molecular biology laboratories (S.B.). It was found that mannose receptor expression was assessed in 76 cases assigned to conventional insemination, 12 cases split between insemination and ICSI, seven cases assigned only to ICSI and 13 cases still awaiting assisted reproduction. The mannose-stimulated acrosome reaction was studied in 53 cases assigned to conventional insemination, five cases split between insemination and ICSI, three cases assigned only to ICSI and 11 cases in which no IVF procedure has been performed. The database was then copied to a member of the Division of Biostatistics at NSUH (F.S.M.) for independent, unbiased analysis.
Semen preparation
Fresh semen specimens were collected by masturbation after 2-3 days of abstinence and allowed to liquefy for at least 20 min prior to analysis. Semen analysis to determine concentration, motility, and progression and testing for anti-sperm antibodies were performed (Bronson et al., 1982; WHO, 1992) . Spermatozoa were then selected for motility by a 'swim-up' method (Bronson et al., 1982) . The number of spermatozoa per ml was determined by haemacytometer count after 1:20 dilution in counting fluid containing 2% phenol. Motility in swim-up preparations ranged from 97-100%.
Untreated ('fresh' or uncapacitated) spermatozoa isolated by swimup were prepared for analysis by centrifugation (500 g for 8 min) to concentrate spermatozoa. To induce capacitation, spermatozoa were pelleted, resuspended in Ham's F-10 containing 30 mg/ml charcoal delipidated (Chen, 1967) human serum albumin (HSA) at a density of 12ϫ10 6 cells/ml and incubated for 16-20 h at 37 o C in 5% CO 2 in air. At the end of incubation, spermatozoa were collected by centrifugation and their motility was assessed by phase-contrast microscopy.
Analysis of the effects of polyvalent mannose ligands and free Dmannose monosaccharide on acrosomal status to predict IVF success was performed as part of a larger prospective study examining parameters which potentially could affect IVF fertilization outcome (Benoff et al., 1996b; Hershlag et al., 1997) . At the time of isolation, motile spermatozoa from patients in the IVF programme were divided into aliquots for the following: evaluation of acrosome morphology, measurement of mannose receptor expression, staining of acrosome content, the Acrobeads test (Fertility Technologies Inc, Natwick, MA, USA), determination of sperm membrane cholesterol and phospholipid content, and quantification of metal ion content. Spermatozoa in excess of that required for the aforementioned assays were evaluated for their ability to undergo a mannose-stimulated acrosome reaction.
In-vitro fertilization and embryo transfer
Ovarian stimulation was achieved with a combination of pure follicle stimulating hormone (FSH, Metrodin; Serono Laboratories, Randolph, MA, USA), human menopausal gonadotrophin (HMG, Pergonal; Serono) after leuprolide acetate (Lupron; Tap Pharmaceuticals, Chicago, IL, USA) suppression starting in the luteal phase. Human chorionic gonadotrophin (HCG, Pregnyl; Serono) was administered when at least two follicles reached an average diameter of 17 mm. Transvaginal oocyte retrieval was performed 34 h post-HCG administration. On the day of oocyte retrieval, spermatozoa characteristics were recorded and the morphology of swum-up spermatozoa was assessed as a wet mount following phenol fixation. The number of spermatozoa used for insemination per oocyte was modified based on acrosome morphology so that oocytes were exposed to at least 25 000 spermatozoa of normal oval morphology, with acrosome covering 50% of the head surface (range 0.05-1.5ϫ10 6 ) (Hershlag et al., 1991 (Hershlag et al., , 1997 . Following protocols commonly employed by IVF programmes (Trounson and Gardner, 1993) , fertilization rate was defined as the ratio between oocytes that developed into normal, twopronuclear embryos 16-18 h after insemination and the total number of mature oocytes.
Embryos were transferred trans-cervically into the uterus on the morning of the third day after oocyte retrieval. Oocytes fertilized on the day of retrieval were usually at the 6-8-cell stage of cleavage at the time of transfer. Pregnancy outcome was assessed on the 12th day after embryo transfer by a quantitative serum HCG assay. Values Ͻ5 mIU/ml were considered to be negative. Patients with positive results were monitored by repeat assays at weekly intervals followed by a sonogram during the 5th week to establish that the pregnancy was an intrauterine gestation with a fetal heartbeat(s).
Visualization of sperm surface D-mannose binding sites
To study the distribution of mannose binding sites on freshly isolated and capacitated human spermatozoa, motile sperm populations were surface labelled with 100 µg/ml fluorescein isothiocyanate (FITC)-conjugated mannosylated bovine serum albumin (Man-FITC-BSA; Sigma No. A7790) as previously described (Benoff et al., 1993b) . Control reactions contained 100 µg/ml FITC-conjugated BSA. Motility and viability (by eosin Y dye exclusion) were assessed at the beginning and end of the labelling protocol.
Coded slides from each specimen were examined at ϫ400 magnification by two observers, each scoring 300 spermatozoa in 10-20 microscopic fields, with 5-7% variation between observers. Binding was enumerated as whole head plus midpiece (pattern II) or equatorial/ post-acrosomal regions plus midpiece (pattern III) as previously described (Benoff et al., 1993b (Benoff et al., ,d, 1997 .
Induction of the acrosome reaction.
Prolonged exposure to 100 µg/ml Man-FITC-BSA is sufficient to induce an acrosome reaction (Benoff et al., 1997) . In specimens from fertile donors, Ͻ2% induced acrosome loss is observed during the 15 min surface labelling protocol. The presence of 75 mM D-mannose accelerates the rate of acrosome reaction induction, such that it can be assessed in the time required to perform the Man-FITC-BSA surface labelling reaction (Benoff et al., 1997) .
To induce acrosome loss, capacitated motile sperm populations were surface labelled with 100 µg/ml Man-FITC-BSA in a calciumcontaining buffer supplemented with 75 mM D-mannose monosaccharide. The level of spontaneous acrosome loss was determined in duplicate control aliquots in which the surface labelling reaction was performed in the absence of added D-mannose monosaccharide (Benoff et al., 1993c (Benoff et al., ,d, 1997 .
Evaluation of acrosome status
Acrosome-intact and acrosome-reacted Man-FITC-BSA labelled spermatozoa were ethanol permeabilized and differentiated by reaction with 100 µg/ml rhodamine-labelled Pisum sativum agglutinin (RITC-PSA; Vector Laboratories Inc, Burlingame, CA, USA) in distilled water as described by Cross et al. (1986) . Specimens were then mounted, viewed at ϫ400 and at least 300 spermatozoa scored for acrosome status as described in the accompanying report (Benoff et al., 1997) .
Statistical analyses
All statistical analyses were performed with the SAS/PC software package (SAS Institute Inc, Cary, NC, USA). Statistical significance 841 was set at P Ͻ0.05. Summary statistics are presented in the text or in the legends of the appropriate figures as mean Ϯ SD.
The mean values for the incremental increase in acrosome loss induced by mannose exposure in specimens from men who exhibited normal rates of fertilization in IVF (ജ63% of metaphase II oocytes) and those with reduced or failed fertilization (Ͻ63% of metaphase II oocytes) were compared using the t-test. Pearson product moment correlations were used in order to determine the relationship among rates of fertilization, the percentages of capacitated motile spermatozoa undergoing a mannose-stimulated acrosome reaction, the incremental increase in mannose receptor expression on incubation, sperm concentration, motility and the percentages of spermatozoa with normal oval head forms. A univariate regression model was examined to determine the ability of quantification of the fractional increase in acrosome loss stimulated by mannose exposure to predict fertilization. To obtain a threshold value for the percentages of spermatozoa undergoing a mannose-stimulated acrosome reaction predictive of IVF fertilization outcome, a receiver operating characteristic (ROC) curve analysis was performed with fertilization rate cut-off values of ജ63% (normal) and Ͻ63% (low). To estimate the sensitivity, specificity, positive predictive value and negative predictive value of ROC curve analysis results, 95% exact binomial confidence intervals were calculated.
The distribution of male and female patient ages, number of mature oocytes retrieved and number of embryos transferred between the group with normal fertilization rates and that with low fertilization were compared using the t-test. Spearman correlation coefficients and a univariate regression model were used to estimate the relationship between pregnancy outcome (positive or negative) and the incremental increase in mannose receptor expression on incubation or the percentages of capacitated motile spermatozoa undergoing a mannosestimulated acrosome reaction.
Results
Characteristics of the study population
After optimizing the number of spermatozoa inseminated for sperm morphology (25 000 oval forms/dish/ml medium), a mean fertilization rate of metaphase II oocytes of 85.2 Ϯ 11.1% was obtained in the 96 IVF cycles assigned to conventional insemination or where retrieved oocytes were split between conventional insemination and ICSI. In spite of inseminations with optimized numbers, Ͼ20% (n ϭ 25) of these cycles exhibited reduced fertilization (low fertilization), as defined by fertilization rates Ͼ2 SD below the mean (e.g. Ͻ63%) (Tangor, 1986) . In the low fertilization group, there were four cases (16%) of completely failed fertilization. Although the rate of fertilization was tested only once for each couple, our prior findings indicate that these values would be highly repeatable (Benoff et al., 1993c) .
The group exhibiting normal fertilization rates and that with reduced fertilization could not be distinguished on the basis of patient age, anti-sperm antibody binding or the number of mature oocytes retrieved. The respective ages of the female partners of the normal and reduced fertilization groups were 35.64 Ϯ 3.51 and 34.12 Ϯ 3.89 years (P ϭ 0.123, not significant). The ages of the male partners were 36.87 Ϯ 4.81 and 36.08 Ϯ 6.15 years respectively (P ϭ 0.320, not significant). None of the semen tested exhibited significant levels of antisperm antibodies. Equal numbers of mature oocytes were retrieved from both groups (11.66 Ϯ 6.01 versus 11.44 Ϯ 4.98 No. cases employing standard insemination (includes ICSI, n ϭ 12) in which the incremental increase on incubation in surface mannose receptor expression was quantified. c Number of cases employing standard insemination (includes ISCI split, n ϭ 5) in which the ability of capacitated motile sperm populations to undergo a mannose-stimulated acrosome reaction was examined. d Sperm mumber, motility, morphology and surface mannose receptor expression were assessed in specimens undergoing ART (standard insemination, n ϭ 53; standard insemination/ICSI split, n ϭ 5; ICSI, n ϭ 3). AR ϭ acrosome reaction; NS ϭ not significant; ICSI ϭ intracytoplasmic sperm injection; CI ϭ confidence interval; Man-FITC-BSA ϭ fluorescein isothiocyanate-labelled mannosylated bovine serum albumin; ART ϭ assisted reproductive technology.
respectively; P ϭ 0.869, not significant). In addition, pregnancy outcome did not differ significantly between those exhibiting normal fertilization rates and those in which a low rate of fertilization was detected. The number of embryos transferred in the normal fertilization group was 4.27 Ϯ 0.96 and 4.36 Ϯ 1.44 embryos were transferred in the low fertilization group (P ϭ 0.719, not significant). When comparing the results from the entire study population, including those cases where retrieved oocytes were split between conventional insemination and ICSI, the pregnancy rate for the normal fertilization group (n ϭ 71) was 43.7% and that the of the low fertilization group (n ϭ 25) was 42.9%. Similarly, when the ICSI split cases were excluded, the pregnancy rate of the normal fertilization group (n ϭ 64) was 40.6% and that with reduced fertilization (n ϭ 14) was 41.7%. A subset of these patients were analysed for the current study (see Table I ).
Relationship between the ability to undergo a mannose-stimulated acrosome reaction and the rate of fertilization
At the time the codes were broken, it was determined that the mannose-stimulated acrosome reaction had been studied in semen from 46 men who had exhibited normal fertilization and 12 men who had displayed reduced fertilization rates. The relative distribution between cases with normal fertilization 842 rates and those with low fertilization indicates that the 58 men analysed are representative of the study population as a whole. Within this group, a linear relationship was detected between the percentage of spermatozoa exhibiting a mannose-stimulated acrosome reaction (total acrosome loss minus spontaneous acrosome loss) and the rate of fertilization (Table I, Figure 1) . A wider range of mannose-induced acrosome reactions was observed between specimens from the normal fertilization group than was previously observed with spermatozoa from fertile donors (Benoff et al., 1997) . This was consistent with our practice of numerical dose-compensated IVF inseminations based on acrosome morphology. However, there was considerable overlap in values between the normal and low fertilization groups (Figure 1 ). This overlap complicated identification of a cut-off or threshold value that could be used to predict sperm fertilizing ability. An attempt was made to identify a measure which would more readily discriminate between the two groups with different prognosis in IVF. The values for the percentages of spermatozoa undergoing mannose-stimulated acrosome loss were transformed into a normalized value representing the fractional increase in the acrosome reaction resulting from mannose exposure (incremental increase ϭ total acrosome loss minus spontaneous acrosome loss/total acrosome loss). The relationship between this measure and the rate of fertiliza- Figure 1 . Prospective blinded analysis examining the relationship between the percentages of spermatozoa undergoing a mannosestimulated acrosome reaction and the rate of fertilization following conventional insemination. The two parameters were positively correlated (see Table I ). The range for mannose-induced acrosome reactions observed in specimens from the normal fertilization group (n ϭ 46) was 3.90-29.0% (mean 7.27 Ϯ 5.68%). An acrosome reaction in response to mannose challenge was observed in 0-17.73% (mean 2.43 Ϯ 4.45%) of spermatozoa from the low fertilization group (n ϭ 12). The solid line in the figure represents the regression line. The vertical long dashed (---) line separates specimens with normal rates of fertilization from those with low rates of fertilization. tion was examined (Figure 2) . The mean incremental increase in acrosome loss following a mannose challenge differed significantly between the normal fertilization group and the low fertilization group. This difference could not be attributed to differences in sperm viability; 71.08 Ϯ 17.29% of incubated sperm populations from the normal fertilization group (n ϭ 70) and 69.61 Ϯ 22.32% of the low fertilization group (n ϭ 17) were viable (P ϭ 0.767, not significant).
The predictive value of the incremental increase in acrosome exocytosis stimulated by mannose exposure may be described by the odds ratio developed from a univariate regression model (Table I) . Each 0.01 rise in the normalized value describing mannose-induced acrosome loss was associated with a factor of 1.19 increase in the odds of successfully fertilizing ജ63% of metaphase II oocytes. A threshold value of Ͼ0.1 in the incremental increase in acrosome loss after mannose stimulus to predict normal fertilization was identified by means of the ROC curve analysis. The calculated sensitivity of this threshold was 97.8% with a specificity of 83.3%, a positive predictive value of 95.7% and a negative predictive value of 90.7%.
Mannose assays and other measures of fertility
The acrosome response of sperm populations to mannose exposure did not correlate with other measures of fertility, such as sperm count or motility in whole semen (Table I) . No correlation was detected between this parameter and the percentage of spermatozoa with normal acrosome morphology in swim-up spermatozoa (Table I) . Failure to undergo a mannose-stimulated acrosome reaction could not be attributed to anti-sperm antibodies, which limit mannose receptor expression and acrosome exocytosis (Benoff et al., 1993a . None of the patients studied had significant levels of sperm-bound antibodies. Finally, no relationship existed between the increase (Table I ). The solid line in the figure represents the regression line. Mean values mannose-induced acrosome loss for the normal (n ϭ 46) and low fertilization (n ϭ 12) groups were 0.285 Ϯ 0.101 and 0.078 Ϯ 0.135 respectively, and differed significantly (t-test, P Ͻ0.0001). The vertical long dashed (---) separates specimens with normal rates of fertilization from those with low rates of fertilization. The horizontal short dashed (---) line identifies the threshold value of Ͼ0.1, determined by receiver operating chatacterisic (ROC) curve analysis and predictive of IVF success. The asterisks (*) in the figure identify cases with normal levels of mannose receptor expression (i.e., Ͼ20% of motile spermatozoa bound Man-FITC-BSA in pattern II ϭ normal potential for zona pellucida binding; Benoff et al., 1993b Benoff et al., ,c,d, 1996a but disordered acrosome reaction.
in mannose receptor expression on incubation, a marker for zona binding potential, and the results of the current analysis. Five of the 12 cases with reduced fertilization analysed exhibited an incubation-associated increase in the percentages of spermatozoa expressing surface mannose binding sites previously equated with fecundity ( Figure 2 ). These data demonstrate that analysis of the mannose-stimulated acrosome reaction detects defects in sperm function which are different and distinguishable from those defined by the response of mannose receptor expression to capacitating incubation.
The mannose assays were not designed to provide a measure of pregnancy outcome. Consistent with this, when results from the population assigned to pure conventional insemination were examined, it was found that neither mannose receptor expression nor the mannose-stimulated acrosome reaction is predictive of whether or not a patient will become pregnant following embryo transfer (n ϭ 76, P ϭ 0.175, and n ϭ 53, P ϭ 0.834, not significant). The results from the low fertilization group were separately analysed. Again, mannose receptor expression was not predictive of pregnancy outcome (n ϭ 13, P ϭ 0.364, not significant). In contrast, the preliminary estimate of the odds ratio (OR ϭ 461.28) for the mannose-stimulated acrosome reaction was sufficiently high as to spark interest in this parameter as a predictor, despite the variability of the estimate indicating that it was not a significant predictor of pregnancy outcome [95% confidence interval (CI) ϭ 0.013-999.000, P ϭ 0.326, not significant). Given the mean of the no pregnancy group (n ϭ 7, 0.05 Ϯ 0.06), in comparison with the pregnancy group (n ϭ 5, 0.12 Ϯ 0.15), we postulate that with a larger sample size (Ͼ45) we would be able to detect a difference in the incremental increase in acrosome loss induced by mannose challenge between these potential subgroups of patients exhibiting low fertilization rates. Further studies will, however, be required to confirm this hypothesis.
Discussion
A variety of external stimuli can be employed to induce acrosome exocytosis by human spermatozoa, e.g. ionophores, lysophosphatidylcholine, protein kinase stimulators, cumuluscorona complex, follicular fluid, progesterone and human zonae pellucidae (Tesarik, 1985; Cross et al., 1988; De Jonge, 1994; Tarín and Trounson, 1994; Benoff et al., 1995; Brucker and Lipford, 1995) . As Ca 2ϩ influx plays a central role in the physiological acrosome reaction (for reviews see De Jonge, 1994; Brucker and Lipford, 1995) , the carboxylic acid ionophore A23187 which transports calcium across cell membranes is one of the most commonly used stimuli to study the induced acrosome reaction. Ionophores such as A23187, however, bypass many events in receptor/agonist signal transduction (Watson et al., 1992; Bielfeld et al., 1994) , decrease motility (Byrd et al., 1989) , and induce acrosome loss at higher rates than biological agonists (Byrd et al., 1989; Wolf, 1989) . In spite of this, ionophores still do not achieve in man the 100% reaction level observed with murine spermatozoa (Byrd and Wolf, 1986; Aitken, 1990) . Further, recent data suggest that the percentages of motile spermatozoa undergoing an A23187-stimulated acrosome reaction correlate neither with the ability of human spermatozoa to penetrate the human zona pellucida (Liu and Baker, 1996a,b) , nor with IVF fertilization outcome (Parinaud et al., 1995; Benoff et al., 1996a) .
We therefore previously studied the induction of the acrosome reaction by the physiological agonist, progesterone (present in follicular fluid) . However, it is becoming apparent that progesterone exposure in the cumulus matrix only serves as primer to enhance the effects of zona pellucida exposure on acrosome status Roldan et al., 1994; Benoff et al., 1995) . The extent of the zona-stimulated acrosome reaction is dose dependent. An increase in acrosome loss is observed when 2, 4 or 6 solubilized zonae are used per test (Bielfeld et al., 1994) . Standard incubations require multiple zonae (Hoshi et al., 1993) . For routine screening in a clinical andrology laboratory it is not feasible to use human zonae, hemizonae or solubilized zona pellucida glycoproteins to stimulate the acrosome reaction, due to limited availability (Franken et al., 1994) , the relatively intensive labour required for zona preparation (De Jonge, 1994) and the demonstrated inter-zonae variability in sperm binding (Liu and Baker, 1994b; Liu et al., 1995) . Likewise, difficulties encountered in the in-vitro synthesis of appropriately glycosylated recombinant zona proteins (Barratt et al., 1994; Van Duin et al., 1994) currently preclude their routine use. It is therefore significant that our data indicate that a commercially available synthetic oligosaccharide, a polyvalent mannose-containing neoglycoprotein, can substitute for authentic solubilized zonae and induce the acrosome reaction at equivalent levels and with an equivalent time course (Benoff et al., 1997) .
The appearance of mannose receptors on the periacrosomal plasma membranes of the human sperm head during capacitation is the result of translocation of these receptors from subplasmalemmal stores (Benoff et al., 1993d; Hershlag et al., 1995) . In vitro, this process is regulated by loss of plasma membrane cholesterol to sterol acceptors (e.g. albumin) in the incubation media (Benoff, 1993; Benoff et al., 1993a Benoff et al., ,c,d, 1996a . Recent studies by Chowdhury (1995, 1997) suggest that binding of a human endometrial sialic acidbinding glycoprotein (SABP) to a 25 kDa sperm surface protein may also contribute to regulation of sperm mannose receptor expression in vivo. SABP binding in vitro results in removal of surface-bound sialoglycoconjugates and increased production of superoxide anion (Banerjee and Chowdhury, 1997) . The percentages of acrosome-intact spermatozoa expressing surface mannose receptors is a marker for zona binding potential in in vitro fertilization (Benoff et al., 1993c (Benoff et al., ,d, 1996a .
Mannose ligand binding induces an aggregation of sperm surface mannose receptors, their relocation to the equatorial/ post-acrosome region of the sperm head and the acrosome reaction (Benoff et al., 1993c (Benoff et al., ,d, 1995 (Benoff et al., , 1996a (Benoff et al., , 1997 . In prospective blinded analysis, we have now demonstrated that measurements of mannose-stimulated acrosome loss by capacitated human spermatozoa can predict the outcome of fertilization following conventional IVF inseminations. The mannoseinduced acrosome reaction meets the three criteria required in the development and validation of new sperm assays to be used routinely for clinical diagnosis (Jeyendran and Zaneveld, 1993; De Jonge, 1994) : (i) it measures a functional parameter which differs from those assayed by existing protocols; (ii) the time required to complete the assay (e.g. time for sperm capacitation, induction of the acrosome reaction and data collection) is amenable to the standard work schedule of a clinical andrology laboratory; and (iii) a threshold value has been identified which discriminates between fertile and infertile men. In addition, use of neoglycoproteins and monosaccharides can eliminate the high inter-assay variability in induction of the human acrosome reaction often observed with physiological agonists and attributable to the heterogeneity in agonist preparations (Morales et al., 1992) . The results of this and the accompanying paper (Benoff et al., 1997) thus provide a new marker with which to assess sperm fertilizing potential and plan strategies to achieve normal rates of fertilization in vitro.
